PURPOSE. The mode of development of the human hyaloid vascular system (HVS) remains unclear. Early studies suggested that these blood vessels formed by vasculogenesis, while the current concept seems to favor angiogenesis as the mode of development. We examined embryonic and fetal human HVS using a variety of techniques to gain new insights into formation of this vasculature.
T he hyaloid vascular system (HVS) is a transient network of blood vessels that nourishes the immature lens and avascular inner retina of the developing embryonic and fetal eye. It is composed of the hyaloid artery (HYA), vasa hyaloidea propria (VHP), tunica vasculosa lentis (TVL), and pupillary membrane (PM). 1 Once the lens has formed and no longer requires oxygen and nutrients, this system undergoes spontaneous regression beginning around 14 weeks gestation (WG). This process is thought to involve programmed cell death 2 and is concurrent with the appearance of the first retinal blood vessels. The failure of this vasculature to spontaneously involute, can manifest itself in a condition originally described by Reese as persistent hyperplastic primary vitreous 3 and later termed persistent fetal vasculature syndrome by Goldberg. 4 Failure of complete regression of these blood vessels results in contraction and opacification of the primary vitreous, retrolental forms of leukokoria, preretinal membranes, defects in iris, retina, and optic nerve and tractional retinal detachment. 4 The mechanisms by which these vessels fail to completely regress remain poorly understood.
The HVS begins to develop around 4 WG in the human embryo and reaches its height of development around the 12th WG. 1 The currently held dogma for development of this vascular system in the human embryo is as follows: the HYA passes through the embryonic fissure and branches by angiogenesis within the cavity of the primary optic vesicle. 5 Behind the lens vesicle, some of the branches make contact with the posterior side of the developing lens, while others follow the margin of the cup and form anastomoses with confluent sinuses to form an annular vessel. The arborization of the HYA forms a dense capillary network around the posterior lens capsule (TVL) and surrounding the lens equator. Capillary branches then develop throughout the vitreous (VHP).
However, earlier studies by Mann and others observed that the future vitreous space contained cells that originated from the mesenchyme surrounding the outer surface of the optic cup around 4 WG. 1, 6 These investigators found that undifferentiated presumptive vascular primary mesenchymal cells entered the future vitreous space through the annular opening between the lens vesicle and the rim of the optic cup and through the open embryonic fissure. Very few of the cells from the primitive streak mesenchyme were in mitosis. Most of these cells appeared to form walls of small blood vessels, which gave rise to both the TVL and the hyaloid vessel system. 1 At the rim of the optic cup the primary mesenchymal cells differentiated partly to become elongated, prevascular cells, that often appeared to be spherical hemangioblasts. The walls of the new capillaries were formed by one layer of prevascular cells that eventually developed into the endothelium of the hyaloid vessels. The process was similar at the embryonic fissure, where the hyaloid artery seemed to form piece by piece in situ by differentiation of the mesenchymal cells to prevascular and endothelial cells of the vessel wall, or to hemangioblasts and blood cells inside the developing vessel.
Therefore, the mode of development of the human HVS still remains somewhat controversial with the early work of Mann 1 and subsequent studies of Balazs 6 indicating a hemo-vasculogenic mechanism of development, and the current more widely accepted view supporting an angiogenic mode of development. While most of the recent studies have focused on the mechanisms involved in the involution of this vasculature because of its failure to do so in persistent fetal vasculature syndrome, very little is know about the molecules and processes involved in its formation. In this study, we examined embryonic and fetal human eyes with a variety of techniques to determine the morphological, immunohistochemical, and ultrastructural features of HVS development. Our results support the view that the human HVS forms by the in situ differentiation of hematopoietic stem cells (hemangioblasts) that give rise to both endothelial cells and blood cells. This is similar to the mode of development we have reported previously for choriocapillaris. 7 
MATERIALS AND METHODS
Human fetal eyes, ranging in age from 5.5 to 12 WG (Table 1) , were obtained from Advanced Bioscience Resources, Inc. (Alameda, CA) and Stem-Express (Placerville, CA). Utilization of this human tissue was in accordance with the Declaration of Helsinki with approval of the Joint Committee on Clinical Investigations at Johns Hopkins University School of Medicine. The gestational age of each embryo or fetus was determined by the fetal foot size and sonography of the fetus in utero.
Streptavidin Alkaline Phosphatase (APase) Immunohistochemistry
APase immunohistochemistry was performed on cryopreserved tissue sections using a nitroblue tetrazolium (NBT) system as described previously. 8 The sections of human fetal eyes were incubated overnight at 48C with primary antibodies (Table 2) . After washing in Tris-buffered saline (TBS), sections were incubated for 30 minutes at room temperature with the appropriate biotinylated secondary antibodies diluted 1:500 (Kirkegaard and Perry, Gaithersburg, MD). Finally, sections were incubated with streptavidin APase (1:500; Kirkegaard and Perry), and APase activity was developed with a 5-bromo-4-chloro-3-indoyl phosphate (BCIP)-NBT kit (Vector Laboratories, Inc., Burlington, CA), yielding a blue reaction product.
Immunofluorescence
Immunofluorescence and confocal microscopy were used for double labeling as described previously. 7 Briefly, cryopreserved tissue sections were permeabilized with absolute methanol at À208C and blocked with 2% normal goat serum in TBS (pH 7.4 with 1% BSA). After washing in TBS, the sections were incubated for 2 hours at room temperature with a mixture of one of the primary antibody cocktails in Table 3 . After they were washed in TBS, sections were incubated for 30 minutes at room temperature with a cocktail of secondary antibodies (Table 3) containing 4 0 ,6-diamino-2-phenyl-indole (DAPI). Finally, sections were coverslipped with mounting medium (Vector Laboratories, Inc.) and imaged with a Zeiss Meta 510 or Zeiss 710 confocal microscope (Carl Zeiss, Thornwood, NY).
Double Labeling of Epsilon Hemoglobin (Hb-e) with Hemangioblast and Vascular Markers
Mouse anti-Flk-1 and mouse anti-CD31 were used as a hemangioblast and an endothelial cell marker, respectively. We have shown previously that in blood islands (BI) of embryonic choroid (up to 10 WG), CD31 is coexpressed with Hb-e in hemangioblasts. For double labeling of Hb-e and cell markers, sections were additionally postfixed at room temperature overnight with 2% paraformaldehyde in TBS before starting the immunofluorescence staining technique as reported previously. 7 After washing in TBS, the sections were processed as previously stated. The sections were incubated for 2 hours at room temperature with the primary antibodies, 30 minutes at room temperature with the secondary antibodies conjugated with CY3 or CY5 (1:500; Jackson Immuno Research, West Grove, PA), and then incubated for 2 hours at room temperature with goat anti-Hb-e FITC (1:500; Fitzgerald Biochem, Acton, MA). Finally, sections were washed in TBS and mounted in DAPI counterstaining medium (Vector Laboratories, Inc.).
Whole Eyes for Serial Sectioning
JB-4 (glycol methacrylate; Polysciences, Warrington, PA) embedded whole eyes (5.5, 7, and 12 WG) were fixed in 25% Karnovsky's glutaraldehyde/paraformaldehyde fixative at 48C and then washed in 0.1 M cacodylate buffer with 5% sucrose. Eyes were embedded in JB-4, 
RESULTS

Light Microscopy
The hyaloid artery at 5.5 WG in serial sections was present in the optic stalk but had not entered the vitreous cavity (Fig. 1A) . It was approximately 10 lm in diameter and was composed of a single layer of cells with its lumen containing tightly packed erythroblasts (Fig. 1B) . However, the artery was not continuous but rather segmented when eyes were serial sectioned, similar to the observations of Balazs and associates. 6 BI formations were present in the vitreous space near the lens vesicle and at the annular opening between the lens vesicle and the rim of the optic cup. With Wright-Giemsa staining, they generally consisted of two cells types and typically formed aggregates. Some aggregates consisted almost entirely of erythroblasts with highly acidophilic cytoplasm ( Figs The hyaloid artery at 7 WG had invaded the vitreous space and was composed of multiple layers of cells surrounding packed erythroblasts (Figs. 1C, 1D ). The BI in the vitreous space near the lens vesicle appeared more differentiated with lumens. They were composed of an outer layer of primitive vascular precursors, angioblasts, surrounding an inner core of erythroblasts. Few definitive pericytes were present; however, there were numerous loosely arranged perivascular cells, which made contact with, but did not fully invest, the primitive capillary wall. Free mesenchymal cells and erythroblasts were also observed at the annular opening between the lens vesicle and the rim of the optic cup. By 10 WG, the hyaloid artery had extended farther through the vitreous and toward the lens where it branched several times to anastomose with capillaries that had formed in the vitreous and on the posterior surface of the lens vesicle (data not shown). It had a diameter of 25 lm at its greatest width. The capillaries were more developed with well differentiated endothelium and pericytes. The lumen appeared more open, and fewer erythroblasts were observed in and around the blood vessels.
By 12 WG, the hyaloid artery extended to the lens and had several major branchings (Figs. 1E, 1F). It was 50 lm in diameter at its greatest width and had one to two layers of smooth muscle cells mostly near its base. Some of these cells were in active mitosis. At the base, near its emergence from the optic nerve head, presumed astrocytes invested its outer surface. Capillaries were fully differentiated with well developed endothelial cells and pericytes. Ultrastructure TEM demonstrated that early blood islands (BIs) observed at 6 WG consisted of two general types. Some were composed of aggregates of mesenchymal cells (indistinct chromatin) and erythroblasts (dense nucleus and cytoplasm) that were either free floating or surrounded by primitive endothelial progenitors (Figs. 3A-F). These erythroblasts had electron dense cytoplasm characteristic of highly hemoglobinized cells. In some islands, mesenchymal cells had long processes wrapping around erythroblasts (Figs. 3D-F) , while others were composed of aggregates of angioblasts (called vasoformative mesoderm by Mann 1 ), with little to no luminal space (Figs. 3G-J). Intercellular junctions between angioblastic aggregates were common, but not all were the typical tight junctions of mature endothelium. Although some loosely arranged angioblasts were present on the outer wall of these aggregates, it was not possible to distinguish endothelial cells from pericytes based on their ultrastructural characteristics (not shown). Weibel-Palade bodies were rare, and little basement membrane material was present surrounding the aggregates' outer or perivascular surface.
Blood vessels were more adult-like in structure by 12 WG with well differentiated endothelial cells and pericytes, open lumens, and a continuous basement membrane (Fig. 4) . Tight junctions were seen between endothelial cells (Fig. 4E) and their cytoplasm contained numerous Weible-Palde bodies (Fig.  4D ). Mitochondria were abundant as was endoplasmic reticulum. Occasional coated pits and caveolae were also observed (Figs. 4C, 4F ). Most notable was the appearance of lipid droplets in endothelial cells at this age (Fig. 4C ).
Embryonic Hemoglobin Expression Occurs Simultaneously with VEGFR2 and Endothelial Cell Markers
Both BI cells and free cells in 7 WG eyes were immunoreactive for VEGFR2, and to a lesser degree with CD31 (Fig. 5) . CD34 was only associated with cells within aggregates. Of particular interest was the fact that some of these BI cells had a dual hematoendothelial phenotype (Fig. 5) . They expressed both endothelial cell markers (CD31) and Hb-e. As development progressed (10 WG), fewer cells were immunoreactive for Hbe. By 12 WG, few if any cells within blood vessels or in the vitreous expressed Hb-e. However, VEGFR2 and CD31 and CD34 were expressed by the endothelium throughout the developmental period. A summary of the immunohistochemical results for all antibodies is shown in Table 4 .
c-Kit and Stem Cell Factor (SCF)
In 7 WG eyes, all erythroblastic aggregates (Figs. 6A-D) and cells of BIs (Figs. 6E-H) expressed c-Kit, with most having a diffuse cytoplasmic or membrane staining. There were, however, a few cells within BI that displayed nuclear labeling (Figs. 6E-H, arrow) . Cells on the inner aspect of BI, primitive endothelium, coexpressed CD39 (CD39 þ ) while those on the outer surface, presumed primitive pericytes, were CD39 À . SCF, the ligand for c-Kit, was found in the developing lens and diffusely throughout the vitreous (Figs. 7A, 7B ). c-Kit had a similar distribution but was more cellular in localization (Figs.  6B, 6D ). As development progressed (10 WG), all blood vessel cells expressed c-Kit (Figs. 6I-L) . This was regardless of whether they were luminal or abluminal in position. Only the endothelium coexpressed CD39. SCF and c-Kit immunoreactivities both decreased by 12 WG when blood vessels were mature (See Supplementary Material and Supplementary Fig.  S1 , http://www.iovs.org/lookup/suppl/doi:10.1167/iovs. 12-10140/-/DCSupplemental).
SDF-1/CXCR4
Diffuse SDF-1 immunoreactivity was found in the developing lens, within the vitreous and around blood islands (Figs. 7A-D) . As development progressed (10 WG), SDF-1 immunoreactivity decreased in the vitreous and was localized primarily in blood vessels (not shown). CXCR4 expression was observed in both endothelial cells and pericytes of blood vessels (Figs. 7E-H) . At 12 WG, CXCR4 expression had dramatically decreased (See Supplementary Material and Supplementary Fig. S2 , http://www.iovs.org/ lookup/suppl/doi:10.1167/iovs.12-10140/-/DCSupplemental) and was only weakly associated with endothelial cells and pericytes (Figs. 7I-L) . SDF-1 immunoreactivity was associated with blood vessels at 12 WG; however, it was weak in vitreous (See Supplementary Material and Supplementary Fig. S2 , http:// www.iovs.org/lookup/suppl/doi:10.1167/iovs.12-10140/-/ DCSupplemental).
Runx1
Runx1 expression was weak and present in cytoplasm or on the cell surface at 7 WG in early BI cells and free cells in vitreous (Figs. 8A-D) . By 10 WG, Runx1 expression was upregulated and exhibited an almost exclusive nuclear localiza- 
von Willebrands factor (vWf) and Ki67
In 7 WG eyes, vWf was expressed only in a few cells within BI formations (Fig. 11A) . Few, if any, cells in aggregates or free cells in vitreous were actively proliferating (Fig. 11B) . Out of 236 cell nuclei counted in three sections and double-labeled with vWf/Ki67 and counterstained with DAPI, none was found to be immunoreactive for Ki67. At 10 WG, vWf was upregulated in endothelial cells of blood vessels compared with 7 WG (Fig. 11C) . Ki67 immunostaining was observed in a few cells of the blood vessels and was mostly associated with pericytes (Fig. 11D) . Out of 189 total cell nuclei counted, 9% were Ki67 þ . In 12 WG eyes, vWf expression was prominent in endothelial cells of all blood vessels (Figs.11E-H) and likely reflected the increase in Weible-Palade bodies seen with electron microscopy (Fig. 4D) . The number of proliferating vascular cells (mostly endothelial) was similar at 12 WG to the number observed at 10 WG (7.5%).
DISCUSSION
Progenitors for blood and endothelial cells form aggregates in embryonic human vitreous. This is the earliest morphological sign of differentiation of extraembryonic mesoderm. 9 Different terms have been used to describe these aggregates, including BI, angioblasts, and hemangioblasts. The existence of the hemangioblast was proposed by Sabin 10, 11 and later by Murray. 12 They are credited with the concept that both the endothelial and hematopoietic lineages are derived from a common precursor, the ''hemangioblast,'' in the BI of the yolk sac. Murray described the newly formed lateral and posterior mesodermal cell migration toward the yolk sac, where they will differentiate to endothelial cells and to hematopoietic cells of the BI. Sabin 10 studied their migration under the light microscope and could distinguish the hemangioblastic aggregates from the remaining mesodermal cells by their increased bifringence. The peripheral cells of these aggregates subsequently flatten and differentiate to endothelial cells, while the centrally located cells differentiate to hematopoietic cells.
Today, the existence of a hemangioblast is clearly recognized and it is described as a multipotent precursor cell that can differentiate into both hematopoietic and endothelial cells. With the advent of the molecular genetics, studies utilizing targeted gene mutations have discovered shared genes important for both endothelial and hematopoietic development. [13] [14] [15] [16] [17] The most direct evidence for the existence of the hemangioblast to date has come from studies using a model system based on the in vitro differentiation of human embryonic stem cells (hESC). When induced to differentiate in culture, hESCs form colonies known as embryoid bodies that contain derivatives of the three primary germ cell layers. Hematopoietic development within the EBs has been shown to be efficient, highly reproducible, and to follow a pattern similar to that found in the yolk sac. 18, 19 In addition, Sequeira Lopez et al., have observed intraembryonic BI-like formations in mouse embryo and called the simultaneous formation of blood vessels and blood cells ''in situ hemo-vasculogenesis.'' 20 The labeling of the same cells with Hb-e, endothelial cell (CD31), and/or hematopoietic (CD34) markers demonstrates that hemangioblasts are present in embryonic human vitreous and are the origin of the fetal vasculature in vitreous.
The elegant histologic studies of embryonic and fetal human ocular development by Mann 1 nearly a century ago clearly described the presence of large numbers of vasoformative mesoderm at the gap between the edge of the optic cup and the equator of the lens in the human embryo as the initial event in the formation of the hyaloid vascular system. She described free cells associated with early blood vessels beginning around the 10-mm stage or 4.5 WG before the embryonic fissure closes. Balazs described the first step in vasogenesis of the hyaloid vessels as the aggregation of undifferentiated mesenchymal cells at the rim of the optic cup and embryonic fissure. 6 He observed that the surface cells of these prevascular cell aggregates elongated and developed into the endothelial cells of the vessel wall and that this induced a gradual rounding up of the cells in the lumen, which differentiated to hemangioblasts and eventually immature blood cells. Our histologic findings at 5.5 WG are in complete agreement with the observations of Mann and Balazs at this age. We clearly show BI in the vitreous space near the lens vesicle and at the annular opening between the lens vesicle and the rim of the optic cup in the 5.5 WG embryonic eye prior to the hyaloid artery being present in the vitreous cavity. These BI consisted of two cells types: erythroblasts and basophilic mesenchymal cells. They typically formed aggregates with some being almost entirely erythroblasts with highly acidophilic cytoplasm and others having of a central core of erythroblasts surrounded loosely by basophilic mesenchyme. Our observations with Ki67 immunolabeling support Mann's observations that very few of these invading mesenchymal precursors proliferate during early hyaloid vascular development.
The current study demonstrates a series of markers for hemangioblasts. In the embryonic vitreous, c-Kit immunoreactivity was observed in cells of BI and in free erythroblasts, while SCF (the ligand) was coexpressed in the BI cells and diffusely within the primary vitreous surrounding these formations. C-Kit (CD117) is a type III receptor tyrosine kinase that belongs to the family of platelet-derived growth factor receptors (PDGFRs). 21 Activation of c-Kit leads to the activation of numerous transcription factors regulating cell differentiation, proliferation, chemotaxis, and cell adhesion. germ cells, and melanocytes. 23 Stem cell factor, a c-Kit ligand, dose-dependently promotes survival, migration, and capillary tube formation of human umbilical vein endothelial cells. 24 We also observed prominent SDF-1 (CXCL12) in the BI and diffuse immunoreactivity in the forming primary vitreous of the embryonic eye. The SDF-1 in vitreous may have diffused from the developing lens where expression was high. SDF-1 is a member of a large family of structurally related chemoattractive cytokines. Its primary receptor is CXCR4, a hepta helical receptor coupled to heterotrimeric guanosine triphosphate (GTP) binding proteins. CXCR4 was present in hemangioblasts, erythroblasts, and all cells in aggregates. Studies of mutant mice with targeted gene disruption have revealed that CXCL12-CXCR4 signaling is essential for hematopoiesis and colonization of bone marrow by hematopoietic progenitors, including hESCs, during ontogeny as well as cardiovascular formation and neurogenesis. [25] [26] [27] [28] [29] [30] [31] Cell migration is an essential element of embryogenesis because cell location in the embryo is a key determinant of cell fate. The process of tissue patterning is largely orchestrated by extracellular gradients of morphogenetic proteins (morphogens), which are diffusible substances like SCF and SDF-1. Among the chemokine receptors in the mouse embryo, the CXCR4 transcript is the most abundantly detected. 32 Moreover, studies using human embryonic stem cells in an in vitro assay system have demonstrated a morphogenic role for SDF-1/CXCR4 in human embryonic vasculogenesis. 33 In the embryonic and fetal human retina, we have described a gradient of SDF-1 in the inner retina that correlates temporally and spatially with CXCR4 expression in the pool of progenitors that give rise to retinal angioblasts. 34 There was low expression of Runx1 in the cytoplasm of cells in early BI of vitreous. This was somewhat of a surprise given its known role in hematopoietic differentiation. The transcription factor Runx1/AML1 is a master regulator of hematopoietic development whose expression and function are associated with the establishment and maintenance of hematopoietic cells; therefore, one could hypothesize that it would be present in the hemangioblasts of embryonic vitreous. 35 However, Runx1 À/À mouse embryos develop normal BI and progress through the yolk sac phase of hematopoiesis but die between embryonic day 11 (E11) and E12.5. 36 Depletion of Runx1 in zebra fish with antisense morpholino oligonucleotides abrogates the development of both blood cells and vessels, as demonstrated by loss of circulation, incomplete development of vasculature and the accumulation of immature hematopoietic precursors. VEGF-A is a multifunctional cytokine that plays a prominent role in normal vascular biology by regulating numerous cellular responses of endothelial precursors including proliferation, differentiation, migration, and apoptosis. [38] [39] [40] [41] [42] In addition, a role for VEGF-A in hematopoietic differentiation has been identified. [43] [44] [45] Among the VEGF receptors, VEGFR2 appears as the earliest endothelial lineage marker, as determined by in situ hybridization studies on mouse and quail embryos. [46] [47] [48] [49] [50] [51] Moreover, all primitive hematopoietic and endothelial progenitors arise within the mouse yolk sac BI from precursors that all appear to express VEGFR2. 17 VEGFR2 immunoreactivity was present in all cells of BI of the embryonic HVS including those apparently committed to hematopoietic lineage (epsilon hemoglobin þ ) or endothelial lineage (CD31 þ and CD34 þ ) (Fig.  5) . Moreover, some of these cells coexpress epsilon hemoglobin and endothelial markers suggesting a dual hematoendothelial phenotype, as in hemo-vasculogenesis, during this embryonic period. We observed a similar pattern of staining and coexpression of these markers in developing choriocapillaris of the embryonic human eye. 7 Taken together these observations suggest that VEGF signaling through VEGFR2 is common in early ocular hemangioblasts during blood vessel formation by hemo-vasculogenesis. Our previous study demonstrated the anti-angiogenic form of VEGF 165 b was not detectable in BI of vitreous but the angiogenic VEGF 165 was present. 52 NG-2 immunoreactivity, a marker for pericytes, was observed in early BI cells, and some of these cells coexpressed the endothelial marker CD31. Moreover, in our TEM analysis, it was impossible to distinguish endothelial cells or pericytes in these formations based on their ultrastructural characteristics. Few of the cells in early BI had Weibel-Palade bodies, and this was reflected in the weak expression of vWf associated with these structures. Penfold et al. also observed that abluminal and luminal progenitors were similar in the development of the retinal vasculature from angioblasts 53 ; however, this vasculogenic event is much later in development (12) (13) (14) 34,54 and no hematopoietic nor erythropoietic cells arise from the aggregates, as occurs in hemo-vasculogeneeis in vitreous and choriocapillaris. 7 Additionally, cells of embryonic vitreous BI, regardless of their position on the forming vessel (lumenal or ablumenal), expressed several other common markers (VEGFR2, c-Kit, CXCR4, and Runx1). It is believed by some that endothelial cells and pericytes share a common precursor and that their position on the forming vessel wall determines their fate. [55] [56] [57] Here we show that cells of early blood islands coexpressed not only hematopoietic and endothelial cell markers (CD31 þ /Hb-e þ ), but also coexpressed endothelial cell and pericyte markers (CD31
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. Taken together, our data suggest that the mesenchyme invading the vitreous of the embryonic eye represents a population of hemangioblasts that is capable of producing blood cells, endothelial cells, and pericytes, which all contribute to formation of this vascular system. Another cell type that associates with the hyaloid blood vessels is the hyalocyte, which is considered the resident macrophage of the vitreous. 6 It is quite possible that hyalocytes, which contribute to the normal involution of these blood vessels, are also derived from these progenitors.
As development progressed and blood vessels appeared stabilized, both c-Kit and SCF immunoreactivity decreased in BI cells and little to no immunoreactivity was found in vitreous. Initial expression of c-Kit appeared to be restricted to the cytoplasm in most cells, but as blood vessels matured, the staining pattern became primarily nuclear. However, using APase immunohistochemistry, the staining pattern in the HVS was not nuclear. We have previously reported nuclear c-Kit in progenitors of fetal retina, 34 and others have described nuclear c-Kit in the adrenal gland. 58 Recent studies have raised doubt about the validity of nuclear c-Kit in tumors due to crossreaction with a DNA binding protein. 59 It is unclear whether this was the case in the current study, but, nonetheless, this does not undermine the decrease in expression we observed with continued development.
SDF-1 immunoreactivity remained strong in the formed vasculature while CXCR4 immunoreactivity decreased dramatically. Because CXCR4 is apparently down-regulated after vessel stabilization, the role SDF-1 plays in the maintenance of these vessels is unclear. Perhaps SDF-1 expression in these mature blood vessels is related to monocyte recruitment and adhesion, another potential function of endothelial SDF-1. 60 Monocytes/macrophages are known to initiate cell death and to participate in the natural involution of the HVS. 2, [61] [62] [63] Primitive endothelial cells and pericytes in the formed blood vessels both expressed nuclear Runx1 protein. Recent studies have shown that shear stress is capable of up-regulating expression of Runx1. 64 Moreover, nitric oxide (NO), which is also dependent on blood flow, appears to be a key regulator of Runx1 expression. 65 We previously report endothelial (eNOS) and neuronal (nNOS) nitric oxide synthase coexpression in BI and blood vessels of the embryonic and fetal human hyaloid vasculature. These NOS isoforms were weak in the early BI (7 WG) and increased with age (10 WG). 66 Taken together, the coincident up-regulation of NOS and Runx1 between 7 and 10 WG may reflect establishment of flow in the hyaloid vasculature and the effects of shear stress on expression of these molecules. The staining pattern varied from a diffuse nuclear to a distinct punctate labeling of subnuclear sites. It is known that Runx1 proteins localize within the nucleus to punctate foci involved in transcriptional control and associate with the subnuclear scaffold designated as the nuclear matrix. [67] [68] [69] [70] Hyaloid blood vessels are generally composed of two interacting cell types. Endothelial cells form the inner lining of the vessel wall, and pericytes or mural cells envelop the outer vessel wall. An exception is the hyaloid artery and its main branches, which have several layers of smooth muscle cells in FIGURE 10 . Hyaloid artery (paired arrows) and one of its branches (arrow) in a 12 WG eye comparing double labeling with CD31þNG2 (A-H) and CD31þaSMA (I-P). NG2 immunoreactivity is found exclusively in all pericytes (arrowheads in E-H) while aSMA was only associated with abluminal cells of the main hyaloid artery. Pericytes were not immunoreactive for aSMA on smaller vessels. Scale bar in A, I ¼ 10 lm, and in E, M ¼ 5 lm.
the wall. NG-2, a chondroitin sulfate proteoglycan, and a-SMA are molecular markers that are present in pericytes, albeit not exclusively, and are commonly used for their detection. In this study, we only observed a-SMA on cells of the hyaloid artery and its major branches during the period studied.
In summary, we observed BI in the vitreous of embryonic human eyes. Cells in these structures were primitive erythroblasts and angioblasts that formed aggregates and expressed hematopoietic stem cell markers, VEGFR2, c-Kit, and CXCR4. The ligands for these molecules, VEGF165, 52 SCF, and SDF-1, 34 are present at high levels in lens and inner retina as well as diffusely in the vitreous during BI formation; therefore, these ligands probably function in the homing of these cells into the vitreous space near lens and retina. Some cells in BI coexpressed embryonic hemoglobin and endothelial cell markers reflecting a dual hematoendothelial phonotype. Taken together, our observations support the view that BI in the embryonic eye originate from a common precursor, namely the hemangioblast, and that the fetal vasculature in vitreous assembles by hemo-vasculogenesis.
